Abstract. The limited-area ensemble prediction system COSMO-LEPS has been running operationally at ECMWF since November 2002. Five runs of the non-hydrostatic limited-area model Lokal Modell (LM) are available every day, nested on five selected members of three consecutive 12-h lagged ECMWF global ensembles. The limited-area ensemble forecasts range up to 120 h and LM-based probabilistic products are disseminated to several national weather services. COSMO-LEPS has been constructed in order to have a probabilistic system with high resolution, focussing the attention on extreme events in regions with complex orography. In this paper, the performance of COSMO-LEPS for a heavy precipitation event that affected Central Europe in August 2002 has been examined. At the 4-day forecast range, the probability maps indicate the possibility of the overcoming of high precipitation thresholds (up to 150 mm/24 h) over the region actually affected by the flood. Furthermore, one out of the five ensemble members predicts 4 days ahead a precipitation structure very similar to the observed one.
Introduction
The forecast of severe weather events is still a challenging problem. The key role played by mesoscale and orographicrelated processes can seriously limit the predictability of intense and localised events. Although the use of high-resolution limited-area models (LAMs) has improved the shortrange prediction of locally intense events, it is sometimes difficult to forecast accurately their space-time evolution, especially for ranges longer than 48 h. In the recent years, many weather centres have given more and more emphasis to the probabilistic approach (Tracton and Kalnay, 1993; Molteni et al., 1996; Houtekamer et al., 1996) , which has proved to be an important tool to tackle the predictability problem beyond day 2. Nevertheless, global ensemble systems are usually run at a relatively low horizontal resolution (80 km Correspondence to: C. Marsigli (cmarsigli@smr.arpa.emr.it) at most), this limiting their usefulness when the forecast of severe and localised weather events is concerned. As regards the use of limited-area models within ensemble systems, ARPA-SIM (Agenzia Regionale Prevenzione e Ambiente -Servizio Idrometeorologico, that is the Regional Hydrometeorological Service of Emilia-Romagna) developed LEPS Marsigli et al., 2001; Montani et al., 2001 Montani et al., , 2003a , the Limited-area Ensemble Prediction System. The LEPS methodology allows to combine the benefits of the probabilistic approach (a set of different evolution scenarios is provided to the forecaster) with the highresolution detail of the LAM integrations, with a limited computational investment. The system is based on the operational ensemble system of ECMWF (European Centre for Medium-Range Weather Forecasts), the EPS (Ensemble Prediction System). The EPS uses a T L 255L40 version of the ECWMF model (spectral model with truncation at wavenumber 255 and 40 vertical levels), corresponding to a horizontal resolution of about 80 km. The model is integrated 51 times, at 00:00 and 12:00 UTC of every day, starting from slighlty different initial conditions. This generate an "ensemble" of 51 forecasts, each of them being an ensemble "member". The initial conditions are obtained by perturbing the operational analysis (from which the "control run" starts) with 25 pairs of perturbations, which are selected in order to maximise their energy growth in the first 48 h of integrations. For further detalis the reader is referred to Molteni et al. (1996) and Buizza et al. (2003) .
LEPS methodology is based on the idea of ensemble size reduction Marsigli et al., 2001) : first, the global-ensemble members are grouped into clusters and, then, a representative member (RM) is chosen within each cluster. Finally, each RM, which is representative of a possible evolution scenario, provides both initial and boundary conditions for the integrations with the high-resolution LAM, whose runs generate LEPS.
It has been shown Marsigli et al., 2001; Montani et al., 2001 Montani et al., , 2003a , over a number of test cases and for several forecast ranges (48-120 h), that LEPS performs better than EPS concerning the quantitative forecast of intense precipitation, as well as the geographical localisation of the regions most likely to be affected by the flood events.
Following the encouraging results of an early experimental phase, the generation of an "experimental-operational" limited-area ensemble prediction system, the COSMO-LEPS project, has recently started on the ECMWF computer system under the auspices of COSMO (Montani et al., 2003b) . COSMO (COnsortium for Small-scale MOdelling, web site: www.cosmo-model.org) is a consortium involving Germany, Italy, Switzerland, Greece and Poland, which aims to develop, improve and maintain the non-hydrostatic limited-area model Lokal Modell (LM). Therefore COSMO-LEPS aims at the development and pre-operational test of a "short to medium-range" (48-120 h) probabilistic forecasting system using LM.
In this work, the performance of COSMO-LEPS system is assessed for the heavy precipitation event which struck Central Europe between 11 and 13 August 2002. The attention is focussed over the 24 h between 12 August 2002 at 06:00 UTC and 13 August 2002 at 06:00 UTC, when very heavy precipitation was recorded over Central Europe, particularly over South-Eastern Germany. In order to see what would have been the COSMO-LEPS performance on this case and the extent to which the system could have been of any help in forecasting this event, the operational configuration is used (described in Sect 2). The 4-day predictability of the event is investigated. This time range is chosen because some signal of the possible occurrence of heavy precipitation over Europe was already given by the EPS, on which the COSMO-LEPS system is based, but the event was largely misplaced and its intensity underestimated (Grazzini and van der Grijn , 2003) . The paper is organised as follows: in Sect. 2 the COSMO-LEPS system is described, while in Sect. 3 the case study is presented. In Sect. 4 the results are discussed, both for COSMO-LEPS and for ECMWF EPS. Finally, conclusions are drawn in Sect. 5. 
The COSMO-LEPS operational system
The COSMO-LEPS probabilistic forecasting system uses LM over a domain covering all countries involved in COSMO (Fig. 1) . Thanks to the experience gained during the early experimental phase, it was decided to set-up the COSMO-LEPS suite (see Fig. 2 ) as follows (the suite is referred to day N, the day at which the products are ready in the early morning).
Three successive 12-h-lagged EPS runs (started at 12:00 UTC of day N −2, at 00:00 and 12:00 UTC of day N −1) are grouped together. Each EPS is made by 51 members, so a 153-member "super-ensemble" is obtained (Montani et al., 2003a) . This permits to span a wider part of the unstable phase space and to avoid that the system relies on a unique ensemble. A multivariate hierarchical cluster analysis is performed on the 153 members so as to group all of them into 5 clusters (of different populations). The Complete Linkage method, using Euclidean distances, has been chosen as the clustering method (Wilks, 1995) . The number of clusters is fixed to keep constant the size of the limitedarea ensemble, five clusters seeming a reasonable compromise between the need to represent all the possible scenarios and the need to reduce computational time for LAM integrations. The clustering variables are the two horizontal wind components, the geopotential height and the specific humidity at 3 pressure levels (500, 700 and 850 hPa) and at 2 forecast time (96 and 120 h for the "youngest" EPS, started at 12:00 UTC of day N −1) ). These fields have been chosen to have a good characterisation of the synoptic pattern in the middle-lower troposphere together with a characterisation in terms of the specific humidity, the forecast of heavy precipitation being the main goal of the system. The clustering domain covers the region 30 Fig. 1 ). Within each cluster, one representative member (RM) is selected by minimising the ratio between intra and inter-cluster distances: the RM is that member closest to the other members of its own cluster and most distant from the members of the other clusters. This ratio is calculated on the basis of the same variables and the same metric used for clustering; hence, 5 RMs are selected. Each RM provides initial and boundary conditions for the integrations with LM, which is run 5 times for 120 h, always starting at 12:00 UTC of day N −1 and ending at 12:00 UTC of day N +4. For a discussion on the motivations that led to this set up of the system, the reader is referred to Molteni et al. (2001) , Marsigli et al. (2001) , Montani et al. (2001) , Montani et al. (2003a) and Montani et al. (2003b) . The LM has a horizontal resolution x 10 km, 33 vertical levels and the time-step used for the integrations is 60 s. Probability maps based on LM runs are generated by assigning to each LM integration a weight proportional to the population of the cluster from which the RM (providing initial and boundary conditions) was selected. Deterministic products (that is, the 5 LM scenarios in terms of surface and upper-level fields) are also produced. The products are disseminated to the COSMO community for evaluation. COSMO-LEPS dissemination started during November 2002 and, at the time of writing (December 2003) , the system is being tested to assess its usefulness in met-ops rooms, particularly in terms of the assistance given to forecasters in cases of extreme events. An objective probabilistic verification of the system is also being carried on.
The August 2002 flood over Central Europe
During August 2002 several Atlantic systems passed across Europe, leading to cyclogenesis over the Mediterranean Sea. A sharp trough over the British Isles developed into a cutoff upper-air low on 10 August, which triggered surface cyclogenesis over the Mediterranean Sea. On 11 and 12 August the cut-off low moved slowly north-eastward (Fig. 3) , advecting warm and moist Mediterranean air with a southeasterly flow into central Europe. Enhanced instability due to convegence of this air, together with colder maritime air advancing from the west, reinvigorated the surface low as it moved north-eastward. This process was further enhanced due to orographic lifting on mountain ridges of Central Europe (Grazzini and van der Grijn , 2003) . Precipitation exceeding 100 mm/24 h was recorded by several raingauges in the area between 12-16 • E and 47-51.5 • N, with precipitation exceeding 300 mm/24 h over the Ore Mountains.
The maximum recorded value (313 mm/24 h at 13.75 • E, 50.73 • N) is the highest ever recorded 24 h precipitation amount in Germany. Furthermore, measured values are very close to what is assumed to be the maximum areal precipitation for that region. In Fig. 4 it is shown a map with the precipitation observed in this period, obtained by interpolating SYNOP data kindly provided by U. Damrath.
As for ECMWF deterministic forecast of this event, a cutoff low over Europe was actually present a few days ahead, but its position was not correctly forecast earlier than three days before the event. As a consequence, high amounts of precipitation were predicted but mostly on the southern side of the Alps. Almost the same holds for the operational EPS forecasts, only a weak signal over Central Europe being present staring from the run of the 9 August (Grazzini and van der Grijn , 2003) . Note that the EPS of the 9 August is the "youngest" ensemble making up the "super-ensemble" for this case study.
Results
For this experiment, the COSMO-LEPS integrations start at 12:00 UTC of the 9 August 2002, in order to investigate the predictability of the event at the 4-day forecast range. Three consecutive 51-member EPS sets have been re-run in a configuration identical to the operational one, in order to archive the EPS forecast fields which provide initial and boundary conditions to the limited-area model: EPS starting at 12:00 UTC of the 8 August 2002, EPS starting at 00:00 UTC of the 9 August 2002 and EPS starting at 12:00 UTC of the 9 August 2002. These 153 runs have been grouped so as to generate the so-called "super-ensemble" and the operational COSMO-LEPS Cluster Analysis has been applied.
The five selected members (Table 1) provide initial and boundary conditions for the five LM runs. 
COSMO-LEPS performance
In Fig. 5 the COSMO-LEPS probability maps are shown, computed as in the operational configuration, by weighting each member according to its own cluster population relative to the total number of super-ensemble members. The top (bottom) panel shows the probability of exceeding 20 mm/24 h (50 mm/24 h).
The region which is indicated as the most likely to be affected by intense precipitation is not the one where heavy precipitation was actually observed (Fig. 4) : probability of exceeding 20 and 50 mm/24 h is forecast too much to the east. Furthermore, probability values are rather high, this assigning a high degree of confidence to this forecast. Probability values exceed 60% over almost all the area where the occurrence of intense precipitation is forecast. This is due to the very high population of the first cluster (Table 1) , whose RM is given a weight of about 80% when probability maps are computed. Problems occur because this member is not providing a skillful forecast and, to a lesser extent, the whole most populated cluster is not providing a good forecast too. This is clearly related to the error in the positioning of the precipitating structure in the "youngest" EPS runs, already underlined in Sect. 3, whose members are almost all gathered in the first cluster (not shown). In Fig. 6 the five different scenarios of precipitation forecast by COSMO-LEPS (66-90 h forecast range) are shown: the 5 LM integrations are referred to as LM1, LM2, LM3, LM4 and LM5, respectively. The precipitation pattern forecast by LM1 (top panel) determines to a great extent the high-probabilty pattern shown in Fig. 5 . This structure is different from the observed one, due to the misplacement of the cut-off low in the LM1 forecast (top panel of Fig. 7 ). While both LM2 and LM3 (second and third panel of Fig. 6 ) forecast almost no heavy precipitation over Central Europe, the two left members provide more accurate precipitation forecasts. LM4 forecasts a precipitation pattern very similar to the one actually observed, but the whole structure is shifted to the west by about one degree of longitude. The skill of the pattern is related to the rather good positioning and depth of the cyclone forecast by this member (Fig. 7, fourth panel) . Finally, LM5 forecast in terms of geopotential height is not particularly accurate, the shape of the cut-off low being stretched in the NEto SW-direction with respect to the analysed one (Fig. 3 , bottom right panel). The forecast precipitation structure suffers from the same kind of mispositioning, but still has some skill over Germany. Precipitation exceeding 100 mm/24 h is correctly forecast in the area between 12-14 • E and 50-51 • N, where the maximum of precipitation was observed. Also the spot of heavy precipitation recorded over the Alps, at about 10 • E-47 • N, is captured, even if the whole structure in this area is overestimated. Precipitation over Austria is almost missing.
It has to be underlined that both LM4 and LM5 forecasts are obtained by nesting the limited-area model on members belonging to the "oldest" EPS, the one starting on 8 August at 12:00 UTC. In this case, the "youngest" EPS members all almost all gathered in cluster 1, descrbing a wrong scenario. The use of older members permits to recover different and, in this case, more correct information. The skill of the precipitaton forecast by LM4 and LM5 is not reflected in the probability maps, because the two members are given little weight (Table 1 ). The probability maps obtained giving the same weight to each of the 5 members (Fig. 8) could have been more helpful to forecast this event. Probability of precipitation exceeding 50 mm/24 h (second panel from the top) exceeds 10% over a broad region, but higher probabilities (over 30%) concentrate over the region of South-Eastern Germany actually affected by the heavy rainfall (between 12-14 • E and 50-52 • N, see Fig. 4 ). This region is also indicated as the most likely to be affected by precipitation exceeding the 100 mm/24 h threshold. Probability values are slightly above 10% over the whole region but increase to over 40% in the flooded area. A weaker signal is also present in the probability map relative to the 150 mm/24 h threshold. It has to be pointed out that we are investigating the 4-day predictability of this weather event. Therefore we are not aiming at a very detailed forecast in terms of both localisation and intensity, but at the detection of the possible occurrence of heavy precipitation in the correct area.
EPS performance
In order to evaluate the added value brought about by the COSMO-LEPS probabilistic forecast for this case, its performance is compared to the operational ECMWF EPS ones as well as to the ones of the super-ensemble forecast on which the COSMO-LEPS system is based, obtained without any added cost with respect to EPS. The probability maps of the operational EPS starting at 12:00 UTC of the 09 August 2003 are shown in Fig. 9 , for the 20 (top panel) and 50 mm/24 h (bottom panel) thresholds. The possible occurrence of precipitation exceeding 20 mm/24 h is forecast over a broad area too much shifted to the east, confirming the already underlined tendency of the EPS for this case to forecast intense precipitation over the wrong area. The occurrence of higher precipitation is given a small probability only over an area between Austria and Czech Republic, to the east of the region where the highest precipitation occurred. No signal in the probability maps is present over the area actually affected by heavy precipitation in South-Eastern Germany, nor is reported any signal for higher precipitation thresholds (not shown).
In the probability maps obtained with the super-ensemble on which COSMO-LEPS is based (Fig. 10) , the broad area where precipitation exceeding 20 mm/24 h is forecast with a over −10% probability, extends a little to the west, reaching the flooded region, but the area showing higher probabilities is largely reduced. The same holds for the precipitation exceeding 50 mm/24 h, only a small probability over one of the regions (Austria) where heavy precipitation actually occurred being forecast. The signal over Germany is still missing and no probability at higher threshold is forecast. 
Conclusions
COSMO-LEPS has been designed in order to have a tool for the prediction of heavy precipitation events in a probabilistic environment. It provides a set of weather scenarios at high spatial resolution as well as probability maps for the main surface parameters. On a case study basis, it has been proved to be successful in the prediction of intense rainfall events (Montani et al., 2003b) . The case examined in this work was remarkable both for the gravity of its effects and for the little predictability of the event, as forecast by ECMWF systems (both deterministic and probabilistic) and by the operational forecasts of the affected countries (U. Damrath, personal communication). Being COSMO-LEPS based on ECMWF EPS, the missing of the event by the global probabilistic forecast system penalises to a certain extent the limited-area one. Nevertheless, this case has been chosen to test if our ensemble-reduction methodology would have been able to provide sufficiently different scenarios in order to have a sufficiently broad spectrum of what could have happened with the mesoscale features added by the limited-area model. It has been shown that, out of the five COSMO-LEPS members, one run (LM4) proved to be skillful in forecasting 4 days ahead the precipitation structure that was actually observed, although with a small misplacement error. This error led to a different distribution of the intense precipitation over Central Europe: a maximum is still present in the Elbe river basin, even if it is concentrated in its southern part, but precipitation is also extending southwards and westwards, affecting also part of the Danube basin. In addition to this, also another member (LM5) forecasts heavy precipitation over the area actually affected by the flood. Probability maps indicate the possibility of the overcoming of high precipitation thresholds (up to 150 mm/24 h) over the region actually affected by the flood. This is especially true in the not-weighted configuration, because the most skillful members are not the ones to which more weight would be usually given by the operational COSMO-LEPS configuration, due to the great fraction of EPS members which forecast a synoptic pattern rather different to the observed one. In this case, as it has been observed in other cases with low predictability , weighting the ensemble members according to the cluster population reduces the signal of the extreme event. This result suggests to look at all the five scenarios provided by the system. This is possible thanks to the small size of the ensemble and could be, at this stage, more helpful rather than to consider only the probability maps. The objective probabilistic verification, which is being carried out at ARPA-SIM, will provide more solid information on the proper use of the weighting procedure. It is important to remind that the COSMO-LEPS suite is an experimental one and that objective and subjective verification by forecasters will be useful in order to ameliorate the system and understand its usefulness and limitations. 
